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Molecular Simulation of MoS2 
Exfoliation
Guoqing Zhou1, Pankaj Rajak2, Sandhya Susarla4, Pulickel M. Ajayan4, Rajiv K. Kalia1,2,3, 
Aiichiro Nakano1,2,3 & Priya Vashishta1,2,3
A wide variety of two-dimensional layered materials are synthesized by liquid-phase exfoliation. Here 
we examine exfoliation of MoS2 into nanosheets in a mixture of water and isopropanol (IPA) containing 
cavitation bubbles. Using force fields optimized with experimental data on interfacial energies between 
MoS2 and the solvent, multimillion-atom molecular dynamics simulations are performed in conjunction 
with experiments to examine shock-induced collapse of cavitation bubbles and the resulting exfoliation 
of MoS2. The collapse of cavitation bubbles generates high-speed nanojets and shock waves in the 
solvent. Large shear stresses due to the nanojet impact on MoS2 surfaces initiate exfoliation, and shock 
waves reflected from MoS2 surfaces enhance exfoliation. Structural correlations in the solvent indicate 
that shock induces an ice VII like motif in the first solvation shell of water.
Liquid-phase exfoliation (LPE)1–7 is a highly promising approach to large-scale production and dispersion of a 
wide variety of layered materials (LMs). It affords facile processing of individual nanosheets, which can be depos-
ited on surfaces or combined into free-standing films6, and vertical or horizontal stacks. LPE has been used to 
create novel multi-ferroic materials for photoconducting cells7–9, p-n junctions, field-effect transistors10,11, and 
memory devices12 using stacks of layered perovskites. Integration of LMs using LPE has potential applications in 
large-area electronics13 and inkjet printing14.
A wide variety of transition metal dichalcogenides (TMDCs), metal oxides, and perovskites have been exfo-
liated into 2D layers by electrochemical, sonication and shear methods1,6. Here, we will focus on the sonication 
approach in which a bulk solid is suspended in a suitable solvent and exfoliated into atomically thin LMs by 
cavitation phenomenon. Since LMs are characterized by strong in-plane covalent bonds and weak out-of-plane 
interactions, it is possible to exfoliate LMs by weakening the interlayer van der Waals interaction using ultrasonic 
cavitation2. It is desirable to keep ultrasonic intensity low in order to avoid sonolysis and defects in 2D materials 
and to prevent radicals in solvents which may affect dispersion of LMs. Solvents play a critical role in efficient 
production of 2D materials by LPE. Experimental measurements15,16 of interfacial energy, Hildebrand solubility 
and Hansen parameter are commonly used to guide the selection of solvents for exfoliation of LMs. Solvents with 
weak volatility (N,N-dimethylformamide and N-methyl-2-pyrrolidone) and low boiling points (propanol, chlo-
roform) have been successfully used to exfoliate LMs1,15.
Despite a great deal of experimental work, there is very little understanding of atomistic mechanisms under-
lying LPE. The motivation for the joint experimental and simulation work reported in the paper is to unveil the 
atomic mechanism of liquid-phase exfoliation and thus facilitate the synthesis of atomically thin layered materials 
(LMs). Shock exfoliation of LMs by bubble collapse mimics experimental conditions, and experimentalists are 
trying to optimize the conditions for liquid-phase exfoliation by choosing suitable solvents and shock intensity 
so that single sheets of defect-free LMs are produced. We have performed molecular dynamics (MD) simula-
tions17,18 in which a MoS2 crystal is suspended in a solvent of water and isopropanol (IPA) containing a cavitation 
bubble. The system is subjected to a planar shock which initiates a chain of events in the solvent, culminating in 
the exfoliation of MoS2 into nanosheets. As the shock wave propagates through the solvent, the density of solvent 
increases to 1.6 g/cc and the number of nearest neighbors of a water molecule increases from 4 to 8, indicating 
an ice VII like motif. Water in the compressed solvent is not frozen: on the contrary, the self-diffusion coefficient 
of H2O molecules normal to the direction of shock propagation is increased by 60%. The shock wave impact 
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collapses the cavitation bubble and generates a high-speed nanojet in the solvent. The nanojet impact generates 
large shear stresses (~10 GPa) on the MoS2 surface and the surface temperature goes up to ~3,000 K. These large 
shear stresses and elevated temperature initiate exfoliation of MoS2, and shock waves reflected from MoS2 surfaces 
enhance exfoliation. We have performed LPE experiment with IPA and DI water, which verify the conclusion 
from the simulations.
Results
Figure 1(a) shows an initial configuration of a simulation in which an MoS2 solid (yellow and pink spheres) is 
immersed in a 1:1 mixture of H2O and IPA. (For the sake of clarity, only the lower half of the MD box is shown 
in the figure.) Cavitation is introduced after equilibrating the system under ambient conditions. The ratio of 
the bubble radius to the shortest distance between the bubble center and MoS2, i.e. the stand-off parameter S, 
plays a critical role in exfoliation. We performed simulations for several values of S ranging between 1 and 2 and 
observed exfoliation in the range 1.1 < S < 2.0 with particle velocity Vp = 3.0 km/s. Here we will present results 
for a bubble of diameter 9.4 nm and S = 1.14. Additional results are presented in the supplementary information.
In all simulations, shock is generated by a momentum mirror placed normal to the z direction just outside 
the MD box. The solvent, MoS2 and bubble are moved towards the momentum mirror with a constant speed Vp 
at time t = 0. When the solvent molecules cross the mirror, their momenta in the z direction are reversed which 
creates a planar shock wave in the solvent propagating away from the mirror. Using this approach, we first calcu-
lated the Hugoniot (shock-wave velocity Vs as a function of Vp) of the solvent without MoS2 and found that it was 
similar to the Hugoniot of pure water; see Figure S2 in the Supplementary Information.
Shock simulations are performed at several particle velocities in the range of 0.5–4.0 km/s. Here we present 
results for the shock velocity Vs = 7.4 km/s corresponding to the particle velocity Vp = 3.0 km/s. A movie of exfo-
liation is in the Supplementary Material. Under these conditions, the pressure in the solvent rises to 10.5 GPa 
and the density of water increases from 0.95 g/cc to 1.59 g/cc. This high compression has a dramatic effect on the 
structure of water. Figure 1(b) shows the radial distribution function go-o(r) for oxygen atoms of water molecules. 
Here the first peak is located at 2.68 Å and the first minimum at 3.75 Å, whereas in pure water under ambient 
conditions the first peak and first minimum are at 2.76 Å and 3.34 Å, respectively. The average number of nearest 
neighbors of water molecules, calculated from the area under the first peak in Fig. 1(b) with a cutoff distance 
Figure 1. Initial configuration of the shock-induced exfoliation simulation and formation of ice VII motif. 
(a) Shows the initial setup of the exfoliation simulation. Bulk MoS2 is represented by pink (Mo) and yellow (S) 
sheets. MoS2 is immersed in a solvent, consisting of water and IPA molecules (1:1 ratio by weight). For clarity, 
only 2% of the solvent molecules (Oxygen: red, Carbon: cyan, Hydrogen: white) are shown in the lower half 
of the MD box. The solvent contains a nanobubble of radius R = 4.7 nm. The stand-off parameter, d/R = 1.14, 
where d is the distance between the bubble center and the closest MoS2 surface. (b) Shows the radial distribution 
function for oxygen-oxygen in water (red) and oxygen in water and the center of mass of IPA (blue). (c) Shows 
one water molecule with 8 nearest neighbors. Six of them are H2O and two are IPA molecules.
www.nature.com/scientificreports/
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of 3.75 Å, is 8 as opposed to 4 in pure water under ambient conditions. The O-O-O bond-angle distribution for 
water molecules in the high-density solvent (HDS) peaks around 56◦ and the O-O-IPA distribution peaks around 
65◦. These results indicate that the structure of water in the HDS is similar to that of ice VII in that both of them 
have the same density (1.6 g/cc) and number of nearest neighbors (8), see Fig. 1(c). However, the differences in 
bond-angle distributions reflect disorder in the first solvation shell of water in the HDS compared to the first 
solvation shell of ice VII19,20.
The MD results for the structure of water in the HDS are in good agreement with Dolan et. al.’s shock-wave 
experiment20 on pure water. They observed rapid freezing of water for Vp between 0.5 km/s and 2.0 km/s under 
isentropic and ramp-wave compression. Freezing occurred within a few nanoseconds above a critical value 
of pressure (7 GPa) irrespective of the peak pressure generated by shock. Their data clearly show that ultrafast 
homogenous nucleation of ice VII is feasible under shock compression above 7 GPA.
In the MD simulation, we do not observe complete freezing of H2O into ice VII because the timescale of the 
applied shock (~20 ps) is much shorter than the timescale (a few ns) in the experiment and also because of the 
presence of IPA molecules. However, we do observe a significant change in the dynamics of water molecules in 
the HDS: the self-diffusion coefficient of water, calculated from mean-square displacements normal to the direc-
tion of shock-wave propagation, is larger (3.7 × 10−5 cm2/s) than that of pure water under ambient conditions 
(2.4 × 10−5 cm2/s). The IPA molecules in the HDS diffuse much more rapidly than under ambient conditions: the 
self-diffusion coefficient for the center-of-mass motion of IPAs in the 50%wt mixture is 2.3 × 10−5 cm2/s in the 
HDS and 1.4 × 10−6 cm2/s under ambient conditions.
Under the impact of the shock wave, the bubble begins to shrink because the surface tension of the bubble 
cannot provide enough restoring force to balance the shock-wave compression. Snapshots in Fig. 2 show a time 
sequence of changes in the shape and size of the nanobubble resulting from the shock impact. As more and more 
solvent molecules enter the bubble, the proximal side of the bubble changes from spherical to ellipsoidal. The 
shape of the shock front also changes during bubble shrinkage: the front loses planarity because the solvent mol-
ecules entering the bubble have different velocities than the shock-front velocity Vs. The front regains planarity 
after the bubble disappears. The bubble collapse time – the elapsed time between the onset of bubble shrinkage 
and complete bubble collapse – is 1.5 ps, see Fig. 2(b). It is in close agreement with the Rayleigh formula for bub-
ble collapse time,
τ ρ= .
∆
D
P
0 45 ,
(1)
Figure 2. Snapshots of the collapsing cavitation bubble. (a) Shows the initial configuration of the cavitation 
bubble and MoS2. The bubble is represented by a shell of liquid molecules on the bubble surface. The standoff 
parameter is 1.14. At t = 0.2 ps, the shock wave hits the proximal side of the bubble. (b)–(d) Are snapshots 
showing changes in the shape of the collapsing bubble due to the shock wave at time t = 0.65, 0.85, 1.1 ps. The 
shock wave is represented by the change in the liquid density (half of the density is shown in the figures).  
(e) shows changes in the surface area and volume as a function of time while the bubble is collapsing. The 
surface area and volume are normalized to their respective initial values. The bubble collapses at t = 1.5 ps.
www.nature.com/scientificreports/
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where D is the initial diameter of the bubble, ρ is the fluid mass density (HDS in our case), and ΔP is the pressure 
difference across the bubble surface. Substituting D = 9.4 nm, ρ = 1.59 g/cc and ΔP = 10 GPa in Eq. (1), we find 
τ = 1.7 ps. It is remarkable that this estimate agrees so well with the MD result even though the effects of viscosity, 
surface tension and non-uniformity of the solvent near the bubble surface are ignored in the Rayleigh formula.
At the onset of the bubble collapse, we notice sudden increases in the translational kinetic and rotational ener-
gies of solvent molecules at the shock front. These energy jumps are caused by solvent molecules entering the 
proximal side of the bubble. Velocity streamlines of these molecules are focused towards the bubble center in the 
form of a high-speed nanojet. Figure 3(a) shows the center-of-mass velocity streamlines of molecules in the nano-
jet at t = 1.75 ps after the bubble collapse. The nanojet length and width are 6.5 nm and 3 nm, respectively. At the 
tip of the nanojet, the velocity is 6.1 km/s and the pressure around 20 GPa, which is close to the pressure estimated 
from the jump condition, P − P0 = ρ VpVs = 21 GPa. The nanojet length increases linearly with the initial diameter 
of the bubble21. Experiments22,23 show that this linear relationship also holds for micron-to-millimeter size bub-
bles. The nanojet generates a vortex (see the inset in Fig. 3(b)) whose angular velocity, calculated from the stream 
velocity Ω
→
= ∇ ×→v , ranges between 5 and 15 ps−1. The nanojet hits the MoS2 surface at t = 1.75 ps after the 
bubble collapse. The impact causes pit formation on the MoS2 surface (indicated by the red region Fig. 3(c)), 
resulting in an 11% volume reduction at t = 3 ps. The pit is 3 nm wide and 1 nm deep. At t = 3.7 ps, the convex hull 
volume of MoS2 expands by 20%.
The nanojet impact has a dramatic effect on exfoliation of MoS2. The time evolution of exfoliation is related 
to pressure, shear stress and temperature distributions in MoS2, see Fig. 4. The kinetic energy imparted by the 
nanojet significantly increases the pressure in the pit region of the MoS2. At t = 2 ps, the instant pressure in the 
4 nm wide and 1 nm deep pit (red region in Fig. 4(a)) varies between 40 and 50 GPa. The pressure in the green and 
yellow regions around the pit ranges between 10 and 20 GPa, whereas the rest of the MoS2 is still at zero pressure. 
The pressure begins to drop as the pit region expands to 7 nm in width and 4 nm in depth at t = 2.3 ps. At 3.0 ps 
the pressure is between 20 and 30 GPa in almost all of MoS2 (see Fig. 4(b)), and after t = 7 ps the pressure drops to 
0 GPa. Figure 4(c) shows the pressure distribution after MoS2 exfoliation at t = 40 ps.
Figure 3. Shows cavitation bubble collapse giving rise to a nanojet and a vortex. (a) Snapshot taken at 
t = 1.75 ps shows velocity streamlines of the nanojet resulting from the bubble collapse. The color represents the 
magnitude of the stream velocity, which ranges between 3 and 6 km/s. The nanojet length and width are 6.5 nm 
and 3 nm, respectively, and the pressure at the tip of the nanojet is around 20 GPa. (b) The inset shows a vortex 
generated by the nanojet. The nanojet impact on MoS2 creates a 3 nm wide and 1 nm deep pit at t = 3 ps. (c) von 
Mises shear strain distribution in the pit region initiates exfoliation of MoS2.
www.nature.com/scientificreports/
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Figure 4. Pressure, temperature and shear stress distributions in MoS2 after the nanojet impact. (a) At 
t = 2 ps, the pressure is 40–50 GPa in the red region; 10–20 GPa in the green/yellow region; and around 0 GPa 
everywhere else. (b) Shows that the pressure is around 10–20 GPa over almost the entire MoS2 at t = 3 ps.  
(c) Shows that the pressure is released at t = 40 ps. (d) Shows the antisymmetric distribution of shear stress Sxz 
at t = 2 ps, (−10 to −5 GPa in the blue region, and 5~10 GPa at the center). (e) Shows Sxz spreads to initiate 
exfoliation at t = 3 ps. (f) Shows that the shear stress is released at t = 40 ps. (g) Temperature in the pit (red) is 
around 3,000 K, whereas the rest of the sample is around 300 K. (h) shows that the high temperature region 
becomes 7 nm wide and 1.5 nm deep. Here the temperature in the green and yellow regions is around 1,500 K. 
(i) Shows that the temperature in MoS2 is uniform and around 1,600 K after exfoliation.
www.nature.com/scientificreports/
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Temperature fluctuations closely follow changes in the pressure in MoS2. The local temperature (calculated 
with peculiar velocity) in the pit ranges between 2,500 and 3,500 K at time at t = 2 ps. Away from the pit, the MoS2 
remains at room temperature (indicated by the blue region in Fig. 4(g)). At t = 3 ps, the pit region cools off slightly 
due to expansion and the temperature distribution ranges between 2,500 and 3,000 K. At t = 4 ps, the temperature 
in MoS2 drops to 1,000 K except at the surface impacted by the nanojet where the temperature is 1,500 K. The 
temperature fluctuations persist until the very end of exfoliation, see Fig. 4(i).
The nanojet impact also generates large shear stresses, which initiate exfoliation of MoS2 into nanosheets. 
Figure 4(d) shows that the shear stress component Sxz in the red (compressive) and blue (tensile) regions fluc-
tuates between 5 and 10 GPa, whereas in the rest of the MoS2 sample the shear stress is negligible. (Note, the 
shear-stress distribution is antisymmetric along the central plane at x = 100 Å.) A similar pattern is observed in 
the shear stress component Syz, which is antisymmetric along the plane y = 100 Å (see Figure S2 in Supplementary 
Information). These large shear stresses initiate exfoliation of MoS2 layers. Figure 4(e) shows that bulk MoS2 has 
partially exfoliated and the shear stress has dropped to 5 GPa at t = 3 ps. The shear stress is released after exfolia-
tion, see Fig. 4(f).
The exfoliation is significantly enhanced every time the shockwave propagates through MoS2; see Figure S3 
in the Supplementary Information. The instantaneous temperature of MoS2 increases to 1,300 K during the first 
encounter with the shock wave between 1.75 and 3 ps. Subsequently, the convex hull volume increases by 20% as 
7,500 H2O and 1,700 IPA molecules flow inside the galleries of MoS2. The temperature of the sample decreases 
to 1,100 K at t = 12 ps and about 73% of the solvent remains in the MoS2 layers. The shock wave is reflected from 
the back end of the MD box (z = 0) at t = 8 ps and when the release wave hits MoS2 at t = 12 ps, the temperature 
of MoS2 increases to 1,400 K and the solvent content in the galleries of MoS2 increases with the addition of 3,000 
water and 800 IPA molecules. Eighty percent of the solvent remains between the MoS2 layers after the passage of 
the release wave. As the shock wave reaches the opposite end of the box (z = 28.7 nm) and reflected again at time 
t = 18 ps, the temperature of MoS2 increases to 1,650 K at t = 23 ps, and an additional 5,700 H2O and 1,500 IPA 
molecules enter the galleries of MoS2.
Figure S3 in Supplementary Information shows solvent molecules between MoS2 nanosheets at t = 40 ps. Only 
10% of the molecules chosen randomly are shown here. There are 13,500 water and 3,300 IPA molecules inside 
the sample at t = 40 ps. The volume of the convex hull continues to increase as more nanosheets exfoliate, see 
Figure S3(b). The swelling parameter of MoS2 plateaus at 2.0. The number of solvent molecules in the galler-
ies of the exfoliated nanosheets increases rapidly when shock waves hit the MoS2 at t = 1.75, 12, and 18 ps; see 
Figure S3(c). Some of these solvent molecules diffuse out of the galleries. Overall, there is a dynamic balance 
between the number of solvent molecules entering and leaving the galleries of MoS2 sheets. Figure S3(c) in the 
Supplementary Information shows that the number of water molecules flowing in and out of the MoS2 sheets is 
larger than the number of IPA molecules because MoS2 is hydrophobic and water diffuses more rapidly than IPA.
To verify the theoretical claims, experimental exfoliation of MoS2 was performed in IPA and DI water mixture 
(see Methods section). Figure 5(a) shows the black colored MoS2 powder in IPA + DI Water solvent before exfoli-
ation. After exfoliation, the color of the solvent changes from transparent to light green due to the presence of 2D 
MoS2 flakes dispersed in the solvent. A slow-motion video was captured during exfoliation to examine different 
Figure 5. Exfoliated MoS2 with solvent between the nanosheets. (a) Commercial MoS2 in IPA + DI water 
solution (i) before and (ii) after exfoliation. (b) Raman spectrum of the exfoliated MoS2 flakes. (c) Snapshots of 
MoS2 flakes being exfoliated in IPA + DI water mixture. A small bubble formation takes place at the interface 
of MoS2 and solvent. The bubble expands after 90 s and collapses at 120 s, taking MoS2 powder along and 
dispersing it in the solvent. The color change in the liquid is an evidence of this phenomenon.
www.nature.com/scientificreports/
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stages of exfoliation. Figure 5(c) shows snapshots of MoS2 powder at different stages of exfoliation. First, a bubble 
forms at the interface of MoS2 and solvent as a result of sonic wave propagation in the solvent. The bubble expands 
after 30 s and collapses after 60 s, resulting in shock wave inside the solvent and MoS2. The bubble also carries 
MoS2 with it, which is indicated by the local change in color of the solvent when the bubble bursts. The process 
repeats itself several times, resulting in uniform dispersion of 2D MoS2 sheets in the IPA + DI water solvent.
Conclusion
In conclusion, MD simulations reveal atomistic processes underlying liquid-phase exfoliation (LPE) of LMs by 
sonication. Cavitation phenomenon underlies LPE experiments in which sonication probes are used to generate 
cavitation bubbles. We find that bubble collapse is a highly energetic process, and this is corroborated by exper-
imental evidence of hot-spot formation in solvents24. Experiments25 indicate that temperatures in hot spots can 
be as high as 5,000 K. Our simulation shows that shock-induced bubble collapse results in the formation of a 
high-speed jet whose impact on an MoS2 surface initiates the exfoliation process. The nanojet impact raises the 
MoS2 surface temperature to 3,000 K and pressure to 20 GPa, and exerts a shear stress of 10 GPa. Exfoliation of 
MoS2 is initiated by this combination of large shear stress and temperature increase and, finally, exfoliation is 
significantly enhanced by repeated interactions of MoS2 with release waves resulting from the reflection of shock 
waves in the system.
The experiment has helped us validate the simulation. Experiments reveal that sonication causes cavitation 
and the collapse of cavitation bubbles generates shock waves in the solvent. Bubble creation and collapse are 
captured with high resolution camera and Raman spectra show that bulk MoS2 is exfoliated and flakes of MoS2 
are observed. Our simulations are in accord with experimental observations. The simulation results - stress and 
temperature distributions, size and placement of bubbles, nature of solvent and solvent concentration - can help 
experimentalists with the optimization and scaling of exfoliation yield.
Method
In the MD simulation, an MoS2 crystal of dimensions (9.8 nm)3 is suspended in an H2O/IPA mixture (1:1 ratio by 
weight) containing a spherical cavitation bubble of radius 4.7 nm. The system contains 106 atoms and its dimen-
sions are 19.7 nm × 19.7 nm × 28.7 nm in the x, y, and z directions, respectively. Periodic boundary conditions are 
applied along x and y and fixed boundary condition in the z direction. The simulation is carried out with a com-
bination of force fields: TIP4P/200526 for water, REBO potential27,28 for MoS2, and OPLS-AA force field29 for IPA. 
(The OPLS-AA is commonly used for organic molecules). The interaction between MoS2 and water is described 
by a combination of Lennard-Jones (LJ) and electrostatic potentials with force-field parameters taken from Luan 
et al.30, and we apply the Lorentz-Berthelot combination rule to parameterize LJ interactions between H2O, MoS2 
and IPA molecules. Electrostatic forces and energy are calculated with the PPPM method, and slab correction31 
is applied to allow for fixed boundaries in the z direction. Force fields are validated by experimental data on con-
tact angles and surface tensions15,32, see the Supplementary Information Section 1. We use the Velocity-Verlet 
integrator with constraints on O-H bond and H-O-H bond angles of water molecules imposed with the SHAKE 
algorithm33. All simulations are done with open source package LAMMPS18 and the visualization is done with 
OVITO and ParaView34,35.
The system is relaxed for 250 ps at 300 K with a time step 0.5 fs and then a spherical nanobubble of radius 
4.7 nm is created in the solvent. Exfoliation of MoS2 depends critically on the stand-off parameter, i.e., the ratio 
of the distance between the bubble center and the nearest MoS2 surface to the bubble diameter. The stand-off 
parameter was varied between 1 and 2 to determine the optimum value for exfoliation. The system was subjected 
to planar shock in the z direction using a momentum mirror. The particle velocity was varied between 0.5 and 
4.0 km/s and the time step was reduced to 0.1 fs during shock.
To calculate thermal and mechanical properties in the system, the MD box is divided into 20 × 20 × 58 voxels 
and first the center-of-mass velocity of each voxel, →= ∑ → ∑v m u m/j k k k is computed and subtracted from the 
velocity of each atom inside the voxel to get the thermal velocity →vk j, . The instantaneous “temperature” distribu-
tion in the system is determined by calculating the kinetic energy of each voxel:
∑= →N k T m v12
1
2
,
(2)
f j B j
k
k k j, ,
2
where kB is the Boltzmann’s constant, mkis the mass and →vk j,  is the velocity of the kth atom in the jth voxel, and Nf,j 
is the number of degrees of freedom in the jth voxel. The summation is over all the atoms in the voxel.
The pressure distribution in the system is calculated from the virial stress tensor for each voxel j:
∑ ∑=



− + −




αβ α β α α β
∈
S
V
m v v r r F1 1
2
( ) ,
(3)
j
i V
i ij ij
k
kj ij ik
where V is the volume of a voxel, αrij  and 
αvij are the Cartesian components of the position and velocity of the ith 
atom in the jth voxel, respectively, and βFik is the force on atom i due to atom k. The outer summation is over the 
atoms in a voxel, and the inner summation is over the atoms in the neighbor lists of atom i. The pressure in a voxel 
is given by,
= − .αβP Tr S1
3
( )
(4)j j
www.nature.com/scientificreports/
8SCiENtiFiC REPORTS |         (2018) 8:16761  | DOI:10.1038/s41598-018-35008-z
We have also estimated the exfoliation yield by computing the accessible surface area34,36 of the MoS2 sample. 
The surface area is calculated with a sphere of radius 4.0 Å. To compute the swelling of the sample, a 3-dimensional 
convex hull37 is constructed with the largest clusters of MoS2 and the number of IPA and water molecules flowing 
in MoS2 galleries are counted.
To measure the impact on bulk MoS2, we calculate von Mises local shear strain38 ηk
Mises at each atom k. We 
choose the initial relaxed configuration of bulk MoS2 and the current configuration to get the local transforma-
tion matrix by minimizing
∑ ∑ ∑→ −→ → =



→ → 





→ → 


.
−
J Jr r r r r r
(5)j
jk k jk k
j
jk
T
jk
j
jk
T
jk
0 1 2 0 0
1
0 1
Here the summation is over the nearest neighbors of atom k, →r jk
0,1 is the separation of atom j and k at the initial 
and current configurations. The shear strain of atom k is then computed as
η η η η
η η η η η η
= + + +
− + − + −( ) ( ) ( )
6
,
(6)k xy yz zx
xx yy yy zz zz xxMises 2 2 2
2 2 2
where ηab(a, b = x, y, z) are the six components of the local Lagrangian strain matrix ηk of atom k, and 
η = −J J I( )k
1
2 k k
T .
In the experiment, isopropanol (IPA) (99.99%; Sigma Aldrich) and de-ionised (DI) water were mixed in equal 
proportions. 2 mg of MoS2 powder (99.99%; Sigma Aldrich) was immersed in 50 ml of solvent mixture (IPA + DI 
water). MoS2 powder was allowed to sonicate for 48 hrs in the solvent. The temperature of the bath was main-
tained by changing the water bath every hour. Different stages of the exfoliation process were captured by a 
slow-motion video at 240 fps using a telephoto lens.
Data Availability
All data generated and analyzed during this study are available in the paper and supplementary information. 
Extra data are available from the corresponding author on request.
References
 1. Nicolosi, V., Chhowalla, M., Kanatzidis, M. G., Strano, M. S. & Coleman, J. N. Liquid Exfoliation of Layered. Materials. Science 340, 
1226419 (2013).
 2. Han, J. T. et al. Extremely Efficient Liquid Exfoliation and Dispersion of Layered Materials by Unusual Acoustic Cavitation. Sci. Rep. 
4, 1–7 (2014).
 3. Paton, K. R. et al. Scalable production of large quantities of defect-free few-layer graphene by shear exfoliation in liquids. Nat. Mater. 
13, 624–630 (2014).
 4. Niu, L. et al. Production of Two-Dimensional Nanomaterials via Liquid-Based Direct Exfoliation. Small 12, 272–293 (2016).
 5. Ma, R. & Sasaki, T. Two-dimensional oxide and hydroxide nanosheets: Controllable high-quality exfoliation, molecular assembly, 
and exploration of functionality. Acc. Chem. Res. 48, 136–143 (2015).
 6. Coleman, J. N. et al. Two-Dimensional Nanosheets Produced by Liquid Exfoliation of Layered. Materials. Science 331, 568–571 
(2011).
 7. Novoselov, K. S. et al. A roadmap for graphene. Nature 490, 192–200 (2012).
 8. Geim, A. K. & Novoselov, K. S. The rise of graphene. Nat. Mater. 6, 183–191 (2007).
 9. Huang, X. et al. Graphene-based materials: Synthesis, characterization, properties, and applications. Small 7, 1876–1902 (2011).
 10. Britnell, L. et al. Field-Effect Tunneling Transistor Based on Vertical Graphene Heterostructures. Science 335, 947–950 (2012).
 11. Georgiou, T. et al. Vertical field-effect transistor based on graphene–WS2 heterostructures for flexible and transparent electronics. 
Nat. Nanotechnol. 8, 100–103 (2012).
 12. Kafy, A., Sadasivuni, K. K., Kim, H.-C., Akther, A. & Kim, J. Designing flexible energy and memory storage materials using cellulose 
modified graphene oxide nanocomposites. Phys. Chem. Chem. Phys. 17, 5923–5931 (2015).
 13. Lee, K. H. et al. Large-scale synthesis of high-quality hexagonal boron nitride nanosheets for large-area graphene electronics. Nano 
Lett. 12, 714–718 (2012).
 14. Le, L. T., Ervin, M. H., Qiu, H., Fuchs, B. E. & Lee, W. Y. Graphene supercapacitor electrodes fabricated by inkjet printing and 
thermal reduction of graphene oxide. Electrochem. commun. 13, 355–358 (2011).
 15. Shen, J. et al. Liquid Phase Exfoliation of Two-Dimensional Materials by Directly Probing and Matching Surface Tension 
Components. Nano Lett. 15, 5449–5454 (2015).
 16. Wang, M. et al. Surface Tension Components Ratio: An Efficient Parameter for Direct Liquid Phase Exfoliation. ACS applied 
materials & interface. 9(10), 9168–9175 (2017).
 17. Plimpton, S. Fast Parallel Algorithms for Short-Range Molecular Dynamics. J. Comput. Phys. 117, 1–19 (1995).
 18. Plimpton, S. LAMMPS Molecular Dynamics Simulator. http://lammps.sandia.gov.
 19. Rybakov, A. P. & Rybakov, I. A. Polymorphism of shocked water. Eur. J. Mech. B. Fluids 14.3, 323–332 (1995).
 20. Gleason, A. E. et al. Compression Freezing Kinetics of Water to Ice VII. Phys. Rev. Lett. 119 (2017).
 21. Vedadi, M. et al. Structure and dynamics of shock-induced nanobubble collapse in water. Phys. Rev. Lett. 105, 2–5 (2010).
 22. Kodama, T. & Tomita, Y. Cavitation bubble behavior and bubble-shock wave interaction near a gelatin surface as a study of in vivo 
bubble dynamics. Appl. Phys. B Lasers Opt. 70, 139–149 (2000).
 23. Ohl, C. D. & Ikink, R. Shock-Wave-Induced Jetting of Micron-Size Bubbles. Phys. Rev. Lett. 90, 214502 (2003).
 24. Ohl, C. D., Arora, M., Dijkink, R., Janve, V. & Lohse, D. Surface cleaning from laser-induced cavitation bubbles. Appl. Phys. Lett. 89 
(2006).
 25. Suslick, K. S. & Flannigan, D. J. Inside a Collapsing Bubble: Sonoluminescence and the Conditions During Cavitation. Annu. Rev. 
Phys. Chem. 59, 659–683 (2008).
 26. Abascal, J. L. & Vega, C. A general purpose model for the condensed phases of water: TIP4P/2005. J. Chem. Phys. 123, 234505 
(2005).
 27. Liang, T., Phillpot, S. R. & Sinnott, S. B. Parametrization of a reactive many-body potential for Mo-S systems. Phys. Rev. B - Condens. 
Matter Mater. Phys. 79, 1–14 (2009).
www.nature.com/scientificreports/
9SCiENtiFiC REPORTS |         (2018) 8:16761  | DOI:10.1038/s41598-018-35008-z
 28. Stewart, J. A. & Spearot, D. E. Atomistic simulations of nanoindentation on the basal plane of crystalline molybdenum disulfide 
(MoS2). Model. Simul. Mater. Sci. Eng. 21, 045003 (2013).
 29. Jorgensen, W. OPLS all-atom parameters for organic molecules, ions, peptides & nucleic acids (2009).
 30. Luan, B. & Zhou, R. Wettability and friction of water on a MoS2 nanosheet. Appl. Phys. Lett. 108, 131601 (2016).
 31. Yeh, I.-C. & Berkowitz, M. L. Ewald summation for systems with slab geometry. J. Chem. Phys. 111, 3155–3162 (1999).
 32. Halim, U. et al. A rational design of cosolvent exfoliation of layered materials by directly probing liquid–solid interaction. 4, 1–16 
(2011).
 33. Andersen, H. C. Rattle: A ‘velocity’ version of the shake algorithm for molecular dynamics calculations. J. Comput. Phys. 52, 24–34 
(1983).
 34. Stukowski, A. Visualization and analysis of atomistic simulation data with OVITO–the Open Visualization Tool. Model. Simul. 
Mater. Sci. Eng. 18, 015012 (2010).
 35. Ahrens, J., Geveci, B. & Law, C. ParaView: An End-User Tool for Large Data Visualization. Visualization Handbook (2005).
 36. Stukowski, A. Computational analysis methods in atomistic modeling of crystals. JOM 66, 399–407 (2014).
 37. Barber, C. B., Dobkin, D. P. & Huhdanpaa, H. The quickhull algorithm for convex hulls. ACM Trans. Math. Softw. 22, 469–483 
(1996).
 38. Shimizu, F., Ogata, S. & Li, J. Theory of Shear Banding in Metallic Glasses and Molecular Dynamics Calculations. Mater. Trans. 48, 
2923–2927 (2007).
Acknowledgements
This work was supported as part of the Computational Materials Sciences Program funded by the U.S. 
Department of Energy, Office of Science, Basic Energy Sciences, under Award Number DE-SC00014607. The 
simulations were performed at the Argonne Leadership Computing Facility under the DOE INCITE program 
and at the Center for High Performance Computing of the University of Southern California.
Author Contributions
R.K.K., A.N., and P.V. designed the molecular dynamics simulation project and G.Z. carried out the simulations 
and analyzed the results. Visualizations were done by G.Z. and P.R. Experiments were performed by S.S. and 
P.M.A.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-35008-z.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018
